Possible physiological mechanisms to explain the Xash-lag eVect, in which subjects perceive a Xashed item that is co-localized with a moving item as trailing behind the moving item, have been found within the retina of lower species, and in the motor pathways of humans. Here, we demonstrate Xash-lag employing "second-order" moving and Xashed stimuli, deWned solely by their binocular-disparity, to circumvent any possible "early" contributions to the eVect. A signiWcant Xash-lag eVect was measured with cyclopean stimuli composed entirely of correlated random dot patterns. When the disparity-deWned moving stimulus was replaced with a luminance-deWned one, potentially engaging retinal mechanisms, the magnitude of the measured eVect showed no signiWcant change. Thus, in primates, though retinal mechanisms may contribute, Xash-lag must be explained through cortical processes.
Introduction
Neurophysiological Wndings on the retina in lower species have provided a possible mechanism to explain Xash-lag. Investigating the frog retina, Barlow (1953) noted that the greatest "oV" response of ganglion cells to a moving Xy's retinal image occurs closer to the Xy's future position. More recently, Berry, Brivanlou, Jordan, and Meister (1999) reported similar anticipatory responses to motion in the retinal ganglion cells of the rabbit and the salamander. When retinal ganglion cell responses to moving and Xashed stimuli were measured, it was observed that cell responses to moving stimuli were spatially shifted in the direction of motion, analogous to the forward shift of moving stimuli in relation to Xashed stimuli shown in psychophysical experiments in humans (Nijhawan, 1994) . The proposed retinal mechanism is based on well-known properties of retinal ganglion cells such as spatial-pooling, biphasic responses and contrast gain control (Berry et al., 1999) . Whether similar mechanisms operate throughout the visual system, and produce perceptual phenomena like the Xash-lag eVect in humans, remains an open question.
Given that the Xash-lag eVect has been demonstrated under diverse stimuli conditions and manipulations (for example, it has been demonstrated in experiments employing non-moving, changing stimuli; coined "generalized Xash-lag"), retinal mechanisms driven by motion alone would appear to be inadequate (Sheth, Nijhawan, & Shimojo, 2000) . Furthermore the Xash-lag eVect was recently demonstrated in an experiment in which subjects moved their hand in the dark and judged the position of a Xash relative to the felt position of their moving hand (Nijhawan & Kirschfeld, 2003) . Subjects perceived the position of the Xash, presented in spatial alignment with their moving hand, as lagging relative to the felt position of their invisible hand. This 'motor Xash-lag' suggests that non-visual mechanisms of the central nervous system that monitor limb positions can and do contribute to the Xash-lag eVect. Given that Xash-lag is observed both at the 'early' retinal level and the motor level, and the presence of generalized Xash lag across visual attributes, one may ask if mechanisms contributing to this eVect are also present at the intermediate levels, between the retina and motor cortical areas.
To examine this issue, we investigate the visual Xash-lag by employing a well-known technique that engages neither retinal nor overt motor processes. Human subjects perceive motion either when moving objects are distinguished from the background in terms of their mean luminance or color (Wrst-order properties), or in terms of texture or binocular disparity in the absence of accompanying luminance variations (second-order properties) (Cavanagh & Mather, 1989) . We presented moving and Xashed items, isoluminant with the background, deWned only by binocular-disparity in correlated random dot patterns, to measure the strength of cortical visual compensation. We compared this with the FLE observed under the same background conditions, but with solid gray, monocularly detectable stimuli. Then, in a 'mixed' condition, by rendering the moving stimulus as luminancedeWned we were able to gauge the additional contribution, if any, of retinal mechanisms to the Xash-lag eVect.
Experiments
A motion sensor activated only by luminance diVerences (Reichardt, 1957) would not detect any net motion for second-order stimuli whose average luminance is the same as the background. Thus, if mechanisms based in the retina are responsible for Xash-lag, then purely cyclopean stimuli would not elicit the eVect. In these experiments we demonstrate the existence of Xash-lag for stimuli that can be detected only via correlation of images from both eyes, and compare the magnitude of the eVect to conditions in which either the moving target, the Xashed target, or both targets are luminance deWned.
Condition 1

Participants
Two authors and two naïve observers with normal or corrected to normal vision were used. The same observers were used in all experiments.
Apparatus
All experiments were performed on a Macintosh computer running MATLAB (MathWorks Inc., Natick, MA) and the Psychophysics Toolbox extensions (Brainard, 1997) . Stimuli were displayed on a Nokia 445xi CRT screen (60 Hz refresh; 40 £ 30 cm) which observers viewed through a mirror haploscope. The haploscope was positioned such that the observer's right eye viewed only right-half of the screen while the left eye viewed only the left-half of the screen, and then adjusted so that the two images comfortably fused (Fig. 1) . The total viewing distance was 57 cm (1 cm on screen D 1° of visual angle).
Stimuli
The displays for the left and right halves of the screen were constructed of correlated dynamic noise consisting of equal numbers of 0.13°£ 0.13° black (0.00 cd/m 2 ) and white (45.9 cd/m 2 ) squares. Noise frames changed every 35.9 ms. A 2.0°£ 2.0° white Wxation cross, 0.25° wide with a 0.25° black border was visible at the center of the right and left displays throughout the experiment. The Wxation cross was displayed with a crossed disparity of 0.13° (the cross was shifted to the right by 0.063° in the left eye display and to the left by 0.063° in the right eye display; for an observer with inter-ocular distance of 7 cm, this crossed disparity corresponds to an object placed 1 cm in front of the display). In each trial, a smoothly moving target (6.68°£ 2.67°) would travel horizontally across the display, 4.0° below the Wxation cross, at one of two speeds (4.65 or 9.30°s ¡1 ). These moving stimuli were deWned solely by binocular disparity (Julesz, 1971; Smith & ScottSamuel, 1998) . While the moving target was at one of seven positions near the center of the display, a Xashed target of the same size (6.68°£ 2.67°) appeared centered 4.0° above the Wxation cross. Both Xashed and smoothly moving stimuli were composed of correlated dynamic 
Experimental Display
Haploscope noise presented at a crossed disparity of 0.13° with respect to the background (at the same apparent depth as the Wxation cross, about 1 cm in front of the display). All frames of animation lasted for 71.8 ms (two frames of noise), thus the position of the smoothly moving target updated every 71.8 ms, and the Xashed target was present for 71.8 ms. Despite this relatively slow animation rate, observers reported that the motion of the translating stimulus appeared smooth under these conditions. To ensure that the stereoscopic stimuli were undetectable monocularly, prior to the start of experimental blocks, observers were asked to view the a few trials of the experimental display with either the left or the right eye alone. Observers reported seeing only the Wxation cross.
Task
Observers were asked to judge, in a two-alternative forced-choice task, whether the Xashed target appeared to the left or right of the continuously moving target. Each observer was presented both directions of motion in two blocks for a total of 420 trials. The velocity and the position of the Xashed bar were randomly selected without replacement for each trial.
Analysis
The observers' responses under each speed-direction combination were Wtted with a probit curve to determine the point of subjective equality, measured in milliseconds by which the Xash preceded the moving bar's central alignment. A 3-way ANOVA (observer, speed, and direction) was performed to determine the relevance of speed and direction in the magnitude of the eVect. Both were found to be uncorrelated with the magnitude of the eVect in the time domain. Based on this, observer responses across both speeds and both directions were pooled within observer and Wtted again with a probit function to determine each observer's average measured eVect.
Results
These conditions produced a strong Xash-lag eVect in all subjects at both velocities and in both directions. The moving bar was perceived as aligned with the Xashed bar when the Xash was presented on average 163.4 § 7.5 ms before the two bars were actually aligned (Fig. 2a) . Thus, 'cyclopean' stimuli that cannot be detected monocularly produce a reliable Xash-lag eVect implicating cortical mechanisms located beyond the computation of binocular disparity. A high-level 'feature-tracking' mechanism may be responsible for detection of motion in disparitydeWned stimuli (Cavanagh, 1992; Lu & Sperling, 1995a , 1995b . These results show that mechanisms that are qualitatively diVerent from those invoked previously, may contribute signiWcantly to the Xash-lag eVect in humans (Berry et al., 1999) .
Condition 2
For comparison with more traditional Xash-lag experiments, observers were presented with homogeneous gray (8.2 cd/m 2 ) moving and Xashed targets. All other conditions of the experiment were the same as in the Wrst condition (a background of correlated dynamic noise, viewing through the haploscope). The same four observers participated.
Results
A strong, consistent Xash-lag was observed. The moving bar was perceived as aligned with the Xashed bar when the Xash was presented on average 149.2 § 13.2 ms before the two bars were actually aligned (Fig. 2b) . While the magnitude of the eVect measured here is smaller than in the cyclopean case, the diVerence modest and is not statistically signiWcant (p D 0.2253; df D 3 in within-subject paired t-test).
Condition 3
To ascertain any additional contribution of retinally based mechanisms of motion extrapolation, observers were presented with a homogeneous gray (8.2 cd/m 2 ), and hence monocularly detectable, moving target, but a cyclopean (disparity deWned) Xashed target. All other conditions of the experiment were the same as in the Wrst condition. The same four observers participated.
Results
Again, observers exhibited a strong Xash-lag eVect. The moving bar was perceived as aligned with the Xashed bar when the Xash was presented on average 165.8 § 19.1 ms before the two bars were actually aligned (Fig. 2c) . This represents an insigniWcant change from the fully cyclopean condition (p D 0.693; df D 3 in within-subject paired t-test). Thus it seems, under these circumstances, the contribution of retinally based mechanisms of motion extrapolation is modest at best.
Condition 4
Some theories of Xash-lag center around the diVerential latency associated with perception of the transient event with respect to perception of the continuously moving, and hence predictable, target. In order to facilitate the detection of the Xash observers were presented with a homogenous gray (8.2 cd/m 2 ), and hence monocularly detectable, Xashed target, but a cyclopean moving target. All other conditions of the experiment were the same as in the Wrst condition. The same four observers participated.
Results
In this case, the size of the eVect was diminished, though still robust. The moving bar was perceived as aligned with the Xashed bar when the Xash was presented on average 125.0 § 10.0 ms before the two bars were actually aligned (Fig. 2d ). This represents a signiWcant 23% decrease from the fully cyclopean condition (p D 0.0118; df D 3 in withinsubject paired t-test). This is consistent with diVerential latency explanations for Xash-lag.
Discussion
Our results are consistent with previous investigations employing stimuli lacking luminance boundaries. Fu, Shen, and Dan (2001) showed perceptual extrapolation in second-order moving targets deWned be diVerential orientation of pattern lines and used it to suggest that, since most retinal ganglion cells and thalamic visual neurons are not orientation selective, the human visual cortex is largely responsible for the Xash-lag eVect. Furthermore, our results suggest that processes peripheral to layer 4 of the primary visual cortex (V1)-the Wrst possible locus in the nervous system where information from the two eyes could potentially converge on the same neurons-make only a modest contribution to visual Xash-lag. Berry et al. (1999) invoked spatial-pooling in the retinal ganglion cells, the fact that a neuron Wres to stimuli presented anywhere over a large portion of the visual Weld, as one of the factors contributing to the Xash-lag eVect. By virtue of spatial-pooling, a retinal ganglion cell begins Wring as soon as a moving stimulus impinges on the periphery of a cell's receptive Weld, thus eVectively shifting the stimulus towards the center of the cell's receptive Weld. In primates the typically measured size of the receptive Welds of typical V1 cortical cells representing the fovea, where a large Xash-lag eVect has been measured, are too small for spatial-pooling to completely account for Xash-lag. While it has been shown that stimulus conditions can signiWcantly aVect the measured size of receptive Welds in primates (Kapadia, Westheimer, & Gilbert, 1999 )-speciWcally, both low-contrast stimuli and textured backgrounds tend to increase the observed size of receptive Welds-there are other indications that mechanisms qualitatively diVerent from spatial-pooling may need to be invoked. Sheth et al. (2000) demonstrated that FLE is not limited to the spatial domain, but can be applied to a variety of feature changes (color, luminance, etc.) . A color spot gradually changing from green to red appears redder than a Xashed spot of simultaneously identical color. This feature-change Xash-lag cannot be explained by spatial-pooling. Our results suggest that even within the spatial domain, the contribution of spatial-pooling to Xash-lag is of only limited signiWcance. Whether our continuously moving target was deWned by luminance or the disparity of coordinated random dots had no aVect on the size of the measured FLE (condition 3). Whatever mechanisms are responsible for FLE under these conditions, engaging luminance detectors for the moving target does not change the observed phenomenon.
DiVerential latency accounts of Xash-lag suggest that there is some facilitation of perception for the changing target which allows it to occur faster than perception of the Xashed target (Purushothaman, Patel, Bedell, & Ogmen, 1998; Whitney & Murakami, 1998) . The observed lag is a measure of the time diVerence between the two percepts. By this account, we would expect that changing the Xashed target to be more easily detectable should result in a smaller FLE (less of a diVerence in the time to process its perception). Purushothaman et al. demonstrated this for luminance detectability diVerences near threshold and our results are consistent with their Wndings-changing a disparity-deWned Xash for a luminance-deWned one resulted in a signiWcantly smaller eVect (condition 4).
Our results, however, point to more fundamental diVerences between 'early' and 'late' mechanisms. It is known that signals originating in higher cortical areas can strongly inXuence cell activity in a given location of layer 4 of V1 through descending signals, as shown in tests in which aVerent input to the given layer 4 location was removed (Mignard & Malpeli, 1991) . Researchers have identiWed two types of motion processes in humans; one based on low-level motion detectors and the other based on signals arising in higher cortical areas (Braddick, 1980) . There is a debate concerning which processes underlie motion perception in disparity-deWned stimuli, and as to whether stereo-motion is based on specialized motion detectors or on high-level 'feature-tracking' (Patterson, 1999). Despite this debate, researchers agree that signals originating in 'higher' cortical areas play an important role in the perception of motion in disparitydeWned stimuli, with suggestions that movement of voluntary attention may contribute generally to motion perception in stimuli lacking luminance or color boundaries (Cavanagh, 1992; Lu & Sperling, 1995a , 1995b . Cavanagh (1992) made this hypothesis explicit by suggesting that voluntary internal signals that move the focus of attention contribute to motion perception in stimuli lacking luminance boundaries.
While our results do not directly address the role of attention in Xash-lag, it should be mentioned that the task in our experiments with disparity-deWned stimuli is extremely demanding. Consistently perceiving the position of the moving stimulus amid dynamic random noise requires that attention remains focused upon it. Any attention-generated internal signal that contributes to the perception of motion is likely very strong under these conditions. As well, with attentional resources so committed to the moving target, any delay associated with bringing the Xashed target into awareness would likely be increased. If such an attentional delay is ultimately responsible for FLE (Baldo & Klein, 1995) , this may explain the unusually large magnitude of the eVect we observed, though this is certainly not direct evidence for such a theory.
Cyclopean Xash-lag does, however, provide further support for the notion that FLE is likely the result of 'higher' cortical processes, and adds to the wealth of phenomenology that must be explained by any existing theory.
